Despite the diversity of Burkholderia species known to nodulate legumes in introduced and native regions, relatively few taxa have been formally described. For example, the Cape Floristic Region of South Africa is thought to represent one of the major centres of diversity for the rhizobial members of Burkholderia, yet only five species have been described from legumes occurring in this region and numerous are still awaiting 
Introduction
Since the initial discovery that Burkholderia tuberum is capable of nodulating several species of the South African legume Cyclopia [25] , many additional Burkholderia species have been demonstrated to efficiently establish the nitrogen-fixing symbiosis with a variety of legumes. To date, formal descriptions have been provided for 15 of these rhizobial or root-nodulating Burkholderia species [10, 11, 13, 29, 46, 64, 65, 76, 79] .
Among them, only five species (including B. tuberum) have been described as symbionts of South African legumes. The other four species also nodulate legumes in the subfamily Papilionoideae, where both B. sprentiae and B. dilworthii were isolated from Lebeckia ambigua [22, 24] , B. rhynchosiae originated from Rhynchosia ferulifolia [23] and B.
aspalathi was isolated from the root nodules of Aspalathus abietina [47] .
In comparison to the knowledge available for rhizobial genera in the Alphaproteobacteria, which have been studied for more than a century [80] , our understanding of the diversity, distribution and evolution of the legume symbionts in the genus Burkholderia (class Betaproteobacteria, family Burkholderiaceae [30] ) is limited. Research during the last decade has shown that legumes are often associated with a large diversity of Burkholderia symbionts, particularly where the root-nodulating bacteria of indigenous or endemic host species were explored [4, 5, 7, 8, 12, 53] .
Phylogenetic analyses of various protein-coding genes have also shown that the association of these legumes with their Burkholderia symbionts likely represents an ancient partnership with a long and complex evolutionary history [5, 7] . For example, the South African Cape Floristic Region (CFR) with its indigenous legumes, some of which trace their origins to the early Oligocene [62] , represent a unique centre of diversity for the rhizobial species of this genus [5, 42] .
This study investigated the taxonomic status of 12 Burkholderia isolates that were originally isolated from the root nodules of the papilionoid hosts Hypocalyptus coluteoides, H. oxalidifolius, H. sophoroides and Virgilia oroboides growing in various locations in the CFR of South Africa [5] . Based on sequence analyses of the 16S ribosomal RNA (rRNA) and recombinase A (recA) genes, these isolates were suggested to represent a distinct group nested within the so-called "environmental clade" of Burkholderia [5] . This clade was recently suggested to represent a new genus (i.e., "Caballeronia" as proposed by Gyaneshwar et al. [36] or "Paraburkholderia" as proposed by Sawana et al. [61] ; neither proposal have been formally implemented and a type species for this new taxon has not been identified). This proposed generic taxon includes most of the described rhizobia, as well as the plant associated species, but 4 excludes all clinically important Burkholderia species. The specific aims of this study were to (i) evaluate the conspecificity of the 12 South African isolates, (ii) evaluate their uniqueness within the overall genus and (iii) to provide a formal description of the taxon thus delineated. To achieve these aims, we utilized a polyphasic approach, where a range of phenotypic characters, phylogenetic information using Multi-Locus Sequence Analysis (MLSA) and genome-based criteria such as DNA-DNA hybridization and average nucleotide identities (ANI) [33, 39, 59] were used. To accomplish the latter, we also determined the whole genome sequences for two isolates of our newly recognized taxon. 
Materials and Methods

Bacterial strains and growth conditions
16S rRNA gene analysis and MLSA
This study utilized the previously determined sequences for the 16S rRNA and recA genes [5] , together with those for the genes atpD and rpoB that respectively encode the beta subunits for ATP synthase and RNA polymerase. The atpD and rpoB gene fragments were amplified with primers atpDF (5' GAT CGT ACA GTG CAT CGG 3') and atpDR (5' ATC GTG CCG ACC ATG TAG 3') [3] and primers RpoB-1394F (5' TGG CGG AAA ACC AGT TCC GCG 3') and RpoB-2430R (5' AGC CGT TCC ACG GCA TGA ACG 3'), respectively. The latter primer set was designed based on publicly available rpoB sequences by making use of BioEdit v7.0.5.3 [37] and Primer3 [60] . These two primer sets targeted, respectively, 1200 base pair (bp) and 1000 bp regions of the atpD and rpoB genes (see Table S1 for details regarding PCR and cycling conditions).
PCR products were cleaned using polyethylene glycol precipitation [69] and sequenced in both directions using the original PCR primers for rpoB and specific sequencing primers for atpD [3] . For this purpose the ABI PRISM Big Dye Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems, CA) and an ABI 377 Automated Capillary 6 DNA sequencer (Applied Biosystems) were utilized. The atpD and rpoB sequences were then manually curated using ChromasLite v2.01 (Technelysium, Queensland, Australia) and BioEdit.
For 10 of the Burkholderia isolates examined in this study, single gene nucleotide datasets were compiled for the atpD and rpoB sequences generated here and the 16S rRNA and recA sequences determined previously (see Beukes et al. [5] for accession numbers). For isolates Kb15 T and RAU2d2, the relevant gene sequences used in the nucleotide datasets were obtained from the genome sequences of these bacteria (see below). These datasets also included the sequences for the recognized type strains of described Burkholderia species as they appear in the List of Prokaryotic Names with Standing in Nomenclature (LPSN) [26, 54] (www.bacterio.net). The 16S rRNA dataset was aligned with the online version of MAFFT (Multiple Alignment using Fast Fourier Transformation; http://mafft.cbrc.jp/alignment/server/) using the Q-INS-I strategy that takes secondary structure into account [38] . The nucleotide datasets for the protein coding genes were manually aligned according to the inferred amino acid sequences. A concatenated dataset was generated with SequenceMatrix [74] .
The 16S rRNA dataset was analyzed using CLC bio Main Workbench v7.03 (QIAGEN, Århus, Denmark) to determine the percentage sequence similarity among the various taxa included. The four single gene datasets and the concatenated dataset were subjected to maximum parsimony and maximum-likelihood phylogenetic analyses. For the maximum parsimony analyses, MEGA6 [72] was utilized to determine the most parsimonious tree(s) by making use of the heuristic tree search algorithm with 1000 random addition-sequence replicates and Tree Bisection-Reconnection (TBR) branch 7 swapping. Branch lengths were calculated by means of the average pathway method [50] . For the maximum-likelihood analyses, PhyML v3.1 [35] or MEGA6 [72] were utilized with the best-fit substitution model parameters as indicated by MEGA5 or jModelTest v0.1.01 [28, 35, 56, 71] . The 16S rRNA data used the model of Tamura and Nei [70] , the atpD data used the TIM2 "transitional" model [56] while the rpoB, recA and concatenated datasets all utilized the General Time Reversible model (GTR) [73] ; in all cases these models incorporated gamma (G) correction of among site rate variation and a proportion of invariable sites (I). In these analyses the best of the Nearest-Neighbour Interchange (NNI) and Subtree-Pruning-Regrafting (SPR) search algorithms were used for tree searches, which were initiated using the best of five random starting trees. For both the maximum parsimony and maximum-likelihood analyses, branch support was estimated using non parametric bootstrap analysis [27] based on 1000 pseudoreplicates.
Phenotypic characterization
Growth characteristics were studied on TYA, YMA, Tryptone Soy Agar (TSA; Oxoid, England) and MacConkey Agar without crystal violet (MA; Merck, South Africa). Isolates were incubated aerobically at 28 °C for 3-4 days, except for the experiments with MA, in which case isolate growth was evaluated at 29 and 37 °C, both after 3-4 days of incubation [58] . Growth of the isolates at 28 °C in Tryptone Yeast Broth (Oxoid, England), containing either 0.5% (wt/vol) or 1% (wt/vol) NaCl, was also evaluated. Cell morphology, size and motility were determined using Zeiss Stereo and compound microscopes and Auxiovision version 4.8 software. The metabolic profiles for the various isolates were determined using API 20NE and API 20E strips (bioMérieux), as well as the Biolog GN2 MicroPlate system (Biolog). All of these tests were performed selected based on their high 16S rRNA similarity to the nine isolates (Fig 1; File S2 ).
High-molecular-weight DNA was prepared from 48 h TSA cultures using the method of Pitcher et al. [55] with an additional RNase step as described by Cleenwerck et al. [16] .
DNA-DNA hybridizations utilized a modified version (see File S1) of the protocol described by Goris et al. [33] .
Genome sequencing of isolates Kb15 T and RAU2d2
High quality DNA for isolates Kb15 T and RAU2d2 was subjected to whole genome shotgun sequencing at the Central Analytical Facilities (CAF) of Stellenbosch University.
For this purpose, 300 bp chemistry and the 318-chip Ion Torrent™ PGM (Thermo Fisher Scientific) platform were used to generate single-ended reads. For isolate RAU2d2, pairended read data with 7000 bp inserts were generated. Following removal of adaptor sequences and filtering out of reads and regions of low quality, using FASTQ Quality Trimmer (version 1.0.0) [6] and an in-house python script, the remaining data were assembled. This was done with Newbler version 2.9 [45] using infrastructure at the Bioinformatics and Computational Biology Unit of the University of Pretoria.
The genomic regions shared between isolates Kb15 T and RAU2d2 were estimated using Mauve version 2.3.1 [20] . This analysis employed the progressive Mauve function, where a Match Seed weight of 11 bp with the default scoring matrix HOXD [14] was used. From the Mauve progressive backbone output file, the location of each segment that is homologous between the two genomes were extracted, and the sizes of the shared homologous region were summed. Open reading frame (ORF) predictions for the draft genomes were done using the Rapid Annotation using Subsystem Technology (RAST) server [2, 52] . For comparative purposes, the latter also included the genome sequences for B. dilworthii (LMG 27173 T ) and B. caledonica (LMG 19076 T ). Using RAST, ORFs were then annotated using the FIGfams database [2, 49] .
Average nucleotide identities
The program, JSpecies [59] , was used to calculate ANI-values for the genomes of the sequenced isolates and those of closely related species. Pair-wise comparisons between genomes were made by artificially sectioning genomes into fragments consisting of 1020 nucleotides and then comparing these sections to each other [33, 59] using the BLAST algorithm [1] . Only fragments that had more than 30% identity, as calculated across the entire segment, that aligned over more than 70% of the length of the fragments were considered homologous and taken into consideration [33] . The percentage identity values obtained for individual fragments were then averaged across all of the fragments to obtain the ANI-values between genomes [33] .
Results
16S rRNA gene analysis and MLSA
Comparison of the 16S rRNA gene sequences revealed the presence of zero to nine nucleotide differences among the 12 Burkholderia isolates examined in this study (File S2 Phylogenetic analysis of the respective 16S rRNA, recA, atpD and rpoB datasets allowed recovery of the 12 isolates examined in this study as a single clade (Figs. S1-S4 ). The concatenated four-gene dataset also clustered these isolates into a single well supported (100% maximum parsimony and maximum likelihood bootstrap support) clade (Fig. 2) . The data clearly showed that this clade never included any of the species with which the 12 isolates share apparently high levels of 16S rRNA gene sequence similarity ( Fig. 2; Figs. S1-S4 ). We therefore recognized the clade containing these 12 isolates as a new taxon in the genus (we proposed the name B. kirstenboschensis sp. nov. 
Phenotypic characterization
All 12 of the isolates examined represented Gram-negative, rod-shaped, motile bacteria (ca. 0.7-2.3 µm). All isolates displayed growth on TYA, TSA and YMA after 24-48 h of incubation at 28 °C. However, colonies were more mucoid on TYA and YMA than on TSA. Only four isolates displayed growth on MA after 4 days of incubation at 29 °C, while growth on MA was observed for only one isolate (RAU2d2) following 4 days of incubation at 37 °C.
Metabolic profile analysis using API 20NE and API 20E strips and the Biolog GN2
MicroPlate system under standardized conditions, allowed differentiation of B. kirstenboschensis sp. nov. from the type strains of other Burkholderia species (Table 1) , particularly its nearest phylogenetic neighbours B. rhynchosiae and B. dilworthii. These analyses did not include B. cepacia as it is only distantly related to our new taxon. All isolates displayed a positive reaction for the assimilation of adipic acid and a negative reaction for arginine dihydrolase which distinguished B. kirstenboschensis sp. nov. from B. rhynchosiae [24] . A positive reaction for all isolates for acetoin production and negative reactions for arginine dihydrolase, tryptophan deaminase and the oxidation of dilworthii, which appears to be the closest known relatives of B. kirstenboschensis sp.
nov.
Values between 70.9 (±3.7)% and 101.4 (±7.2)% were obtained for the intra-species DNA-DNA hybridization experiments conducted with the various isolates of B.
kirstenboschensis sp. nov. (Fig. 3) . The only exception was for the hybridizations involving isolate RAU2d2, specifically where the DNA from this isolate was immobilized on the microplate. This caused the variation observed for reciprocal reactions to fall outside the accepted limits of the method [34] . For example, the respective hybridization reactions between Kb15 T and RAU2d2 generated an average value of 73% when Kb15 T was immobilized on the microplate and RAU2d2 used as the probe, and an average value of 61.5% for the reciprocal reaction (i.e., when RAU2d2 was immobilized and Kb15 T used as the probe). The average similarity for this pair of strains was therefore 67.2%, with a difference of 11.5% between reciprocals. This discrepancy 
Genome sequences for isolates Kb15 T and RAU2d2
A total of 5 010 566 single-ended reads were generated for B. kirstenboschensis sp. nov. A total of 4 733 415 reads were generated for B. kirstenboschensis sp. nov. isolate
RAU2d2. After quality filtering, the remaining 3 199 998 pair-ended reads (average length of 214 bases) were assembled into a draft genome consisting of 9 150 776 bases. 
RAU2d2
Polymorphic categories in B. kirstenboschensis sp. nov. The FIGfams Subsystem categories was described by Meyer et al. [49] . FIGfams represent sets of homologous protein sequences where each set likely represent isofunctional homologs. Each Subsystem category reflects a process/phenotype (e.g., Tricarballylate utilization) that is underpinned by a set of genes (e.g., tcuA, tcuB, tcuC and tcuD) whose products contribute to, or, make up the process/ phenotype; + genes present; -genes absent. which whole genome sequences are available. In all these cases, the analyzed genomes represented those for the type strains of the various species available from public domain databases (GenBank Accession numbers GCA_000472525.1, GCA_000172415.1, GCA_000416445.1, GCA_000685095.1, GCA_000756045.1, GCA_000020125.1, GCA_000685055.1 and GCA_000473465.1, and Gold Project ID Gp0001007). The only exceptions were B. kirstenboschensis isolate RAU2d2 (this study; JRTU00000000) and B. bryophila for which the sequence for strain BR3495a were utilized (GCA_000383275.1). The analyses were conducted with JSpecies [59] , which involved artificial shearing of the respective genomes into 1020-nucleotide fragments that were then compared using the BLAST algorithm [33, 59] . Reciprocal search results are indicated above and below the diagonal.
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Average nucleotide identities
The ANI-values for B. kirstenboschensis sp. nov. isolates Kb15 T and RAU2d2 exceeded 96% (Fig. 4) . The ANI-values estimated from all experiments involving comparisons with other Burkholderia species (including the closely related B. dilworthii) were all well below 90% (i.e., the accepted cut off value for species is 96%; 33, 59). The only exceptions were the comparisons involving both isolates Kb15 T and RAU2d2 with B.
caledonica and B. bryophila, which generated values of 91.3-92.7%.
Discussion
The results of this study indicated that the 12 Burkholderia isolates examined represent a unique and exclusive group of rhizobial individuals. This group was unlike any known
Burkholderia species and was recovered as monophyletic using all four of the housekeeping genes, irrespective of whether the gene sequences were concatenated or analyzed individually. Such genealogical exclusivity and concordance among multiple independent loci are both hallmarks of a species [19, 66] . The 12 Burkholderia isolates examined were therefore regarded as conspecific (i.e., they represent members of the same species), because all of the isolates were more closely related to each other than to any other known isolate or species of Burkholderia. We accordingly recognized the group of 12 Burkholderia isolates examined here as a new species in the genus.
The existence of the newly proposed species taxon was supported by all other aspects of the polyphasic approach utilized to delineate this taxon. These included intra-specific Despite the obligatory inclusion of 16S rRNA sequence information in most descriptions of bacterial species [31, 68] , the value of this gene for taxonomically defining new or unique Burkholderia species is exceedingly limited. As currently circumscribed, the genus includes roughly 88 species of which 17 have 16S rRNA sequences that are 97% similar to one or more of the B. kirstenboschensis sp. nov. isolates examined in this study. These 17 species include ecologically diverse taxa ranging from root-nodulaters (e.g., B. dilworthii and B. rhynchosiae) [23, 24] and moss-associated species such as B.
megapolitana and B. bryophila [77] through to environmental species such as B.
xenovorans [32] . In fact, the species with 16S rRNA sequences most similar to that of B.
kirstenboschensis sp. nov. is B. fungorum, which in addition to having been reported from root nodules has also been recovered from fungal and clinical specimens [17, 18] .
Even in combination with ecological data, 16S rRNA sequences thus have little value in diagnosing these species. Even based on a higher similarity value of 98.7% [67] , five of these species were still more similar to one or more of the B. kirstenboschensis sp. nov.
isolates. The limited potential of this marker for resolving Burkholderia species has 25 been noted before [75] and our data support suggestions that the absolute necessity of 16S rRNA information for describing species should be revised and/or replaced with more robust and taxonomically meaningful data [15, 51, 59, 75] . [40, 48] . For these isolates, the remaining 77-84% of their genome content likely comprises the core genome of the species [40, 48] , which is similar to what has been reported for species such as Streptococcus pyogenes [41] , Neisseria meningitides [63] and Pantoea ananatis [21] .
Our findings further indicate that genome size differences can have a significant effect on the outcome of DNA-DNA hybridization experiments. This applies specifically to the associated differences between reciprocal reactions, which is consistent with what has been suggested before [9] . Although most of the DNA-DNA hybridization values estimated for B. kirstenboschensis sp. nov. were within the range of what is expected for well-delineated species, the values obtained with isolate RAU2d2 with its large 9.1 Mb genome were typically problematic (see Fig. 3 ). For example, hybridizations using DNA from isolate RAU2d2 as probe yielded higher values than when a smaller genome was used as the probe in the reverse reaction. Likewise, Goris et al. [33] reported a significant linear correlation between the difference in reciprocal DNA-DNA hybridization values and the difference in the percentage of conserved DNA between two genomes. Although they utilized an extensive set of species and isolates, none of their experimental sets were directly comparable to those reported for B.
kirstenboschensis sp. nov. in terms of genome size differences within the same species.
We therefore concur with their conclusion that in most cases "DNA-DNA hybridization is too coarse a method (i.e. the experimental error is too high) to reveal subtle differences in genome size between strains", but emphasize that large genome differences among conspecifics can significantly influence the outcome of DNA-DNA hybridization experiments.
Taken together the findings presented in this study suggest that the criteria for delineating and describing new Burkholderia species require considerable refinement and/or revision. This echoes previous calls for an overhaul of the current standards for species descriptions [57, 78] . Burkholderia species will thus not only speed up the pace at which bacterial diversity is documented, but also allow access to the information that provides the genetic "blue print" for the species.
Description of B. kirstenboschensis sp. nov.
Burkholderia kirstenboschensis (kir.sten.bosch.en'sis. N.L. fem. adj. kirstenboschensis of Kirstenbosch, a botanical garden in South Africa, from where the type strain was isolated).
Cells are Gram-negative, motile, straight rods (ca. 0.7 x 2.3 µm). Positive for oxidase and catalase. Colonies are round, creamy white to yellowish and 1-2 mm in size on TYA. The type strain, Kb15 T (=LMG 28727 T ; =SARC 695), was isolated from root nodules of Virgilia oroboides from the Western Cape of South Africa. The DNA G + C content of the type strain is 61.8 mol% as determined by whole genome sequencing.
Isolates from
